Although it is accepted that regulatory T cells (T regs) contribute to cancer progression, most studies in the field consider nonantigenspecific suppression. Here, we show the presence of tumor antigenspecific CD4 ؉ T regs in the blood of patients with metastatic melanoma. These CD4 ؉ T regs recognize a broad range of tumor antigens, including gp100 and TRP1 (melanoma tissue differentiation antigens), NY-ESO-1 (cancer/testis antigen) and survivin (inhibitor of apoptosis protein (IAP) family antigen). These tumor antigen-specific T regs proliferate in peripheral blood mononuclear cells (PBMC) cultures in response to specific 15-mer peptides, produce preferentially IL-10 and express high levels of FoxP3. They suppress autologous CD4 ؉ CD25 ؊ T cell responses in a cell contactdependent manner and thus share properties of both naturally occurring regulatory T cells and type 1 regulatory T cells. Such tumor antigen-specific T regs were not detected in healthy individuals. These tumor antigen-specific T regs might thus represent another target for immunotherapy of metastatic melanoma.
M olecular identification of human cancer antigens in the last decade, for example MART-1/MelanA or NY-ESO-1, has ushered in a new era of antigen-specific cancer immunotherapy targeting these antigens. Despite promising data in animal models, the use of therapeutic cancer vaccines in humans has not yet lived up to its promises. The improved understandings of antigen presentation, and most specifically in dendritic cell (DC) biology, represent a new avenue for research in the field. Ex vivo-generated and antigen-loaded DCs have been used as vaccines to improve immunity in patients with cancer (1) . We have vaccinated patients with metastatic melanoma with ex vivo-generated dendritic cells loaded with either HLA-A*0201-restricted peptides derived from melanoma-associated antigens (2) or killed allogeneic melanoma cells (3) . Despite some remarkable clinical responses, the overall objective tumor regression rate remains low (1) . Because insufficient antitumor immunity might be due to immunosuppression driven by regulatory T cells (T regs), we engaged in identifying such cells in our patient population.
T regs are specialized in the control of responsiveness to self. They are composed of subsets with distinct ontogeny and functions. Naturally occurring CD4 ϩ CD25 high T regs are produced in the thymus (4) , and express FoxP3, a transcriptional factor critical for their development and function (5, 6) . Their depletion results in the development of autoimmune diseases in murine models (7, 8) . Conversely, their adoptive transfer inhibits the occurrence of autoimmune diseases in disease-prone mice (9) . CD4 ϩ CD25 high T regs suppress the immune responses in a cell contact-dependent manner through mechanisms that remain to be identified (10) . T regs are also generated in the periphery from nonregulatory T cells (11) (12) (13) (14) (15) (16) . These include regulatory type 1 (Tr1) (12) and Th3 (11) cells, both of which preferentially secrete regulatory cytokines, IL-10, and/or TGF␤ and do not express FoxP3 (12, 13) . These T regs suppress immune responses in a soluble factor-dependent manner, without requiring cell-to-cell contact. Another CD4 ϩ T reg subset that expresses CD25 and FoxP3 is induced in the periphery de novo from FoxP3 Ϫ nonregulatory T cells in the mouse (14) (15) (16) . Their existence in humans is still debated.
T regs inhibit both the development and effector functions of tumor-specific T cells. CD4 ϩ CD25 high T regs accumulate at the tumor site (17) (18) (19) , where they appear to directly suppress cytotoxic T cell responses against the tumors (20, 21) . Indeed, their depletion permits immune-mediated tumor rejection in murine models of cancer (22) . CD4 ϩ CD25 high T regs are also increased in metastatic lymph nodes (18) and peripheral blood (23) of patients with various types of cancers, including metastatic melanoma. However, thus far, only two studies reported the isolation, from tumor-infiltrating lymphocytes, of T reg clones specific for tumor antigens: a nonmutated antigen LAGE1 (24) and mutated peptide generated from ARTC1 (25) . Because mouse studies have indicated the superior suppressive capacity of antigen-specific T regs over non-antigenspecific T regs (26) (27) (28) , it is important to determine whether patients display a broad repertoire of tumor antigen-specific T regs. Here, we show that metastatic melanoma patients have circulating IL-10-producing CD4 ϩ T regs specific for a broad range of tumor antigens.
Results

IL-10-Inducing Peptides of NY-ESO-1.
To examine the antigen-specific T cell repertoires, 5, 6-carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled peripheral blood mononuclear cells (PBMCs) from metastatic melanoma patients were exposed to overlapping peptides from libraries covering the full length of four antigens associated with melanoma (gp100 and TRP1) and other cancers as well (NY-ESO-1 and survivin). Cytokine levels were measured at day 2, and T cell proliferation was analyzed at day 6 (3).
PBMCs from patient #094-004 were cultured with overlapping peptides encoding NY-ESO-1 (43 peptides). Two NY-ESO-1 peptides, p#21 (NY-ESO-1 [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] ) and p#23 (NY-ESO-1 89-103 ), were found to induce IL-10 secretion (Fig. 1A) . These two NY-ESO-1 peptides also induced the proliferation of a fraction of CD4 ϩ T cells (p#23 in Fig. 1B and p#21 , data not shown). The CD4 ϩ T cell proliferation was inhibited by blocking mAb against HLA-class II molecules (Fig. 1C) , demonstrating that the peptide-induced CD4 ϩ T cell proliferation depended on antigen-presenting cells. The culture with NY-ESO-1 p#23 yielded two distinct populations in CFSE-diluted CD4 ϩ T cells: one with a low level of FoxP3 and another with a high level of FoxP3 (Fig. 1D) . The CFSE-diluted FoxP3 low CD4 ϩ T cells were likely activated non-T regs (29) (30) (31) , because their level of FoxP3 was comparable to that of CD4 ϩ T cells responding to tetanus toxoid (TT) (Fig. 1 D and E) . In contrast, the CFSE-diluted FoxP3 high CD4 ϩ T cells expressed even higher levels of FoxP3 than CFSE nondiluted FoxP3 ϩ CD4 ϩ T cell population (Fig. 1D) .
To examine whether the difference in FoxP3 levels in CFSEdiluted CD4 ϩ T cell population was due to the differential activation of T cells, the expression of FoxP3 was followed until day 10 of culture. CFSE-diluted CD4 ϩ T cells in response to TT lost FoxP3 expression at day 10 of culture ( Fig. 2 A and B) , which is consistent with previous reports (30, 31) . In contrast, a fraction of CFSE-diluted cells in response to NY-ESO-1 p#23 maintained FoxP3 expression ( Fig. 2 A and B) . Thus, CD4 ϩ T cells responding to NY-ESO-1 p#23 contain CD4 ϩ T cells constitutively express high-levels of FoxP3, which are distinct from activated non-T regs that transiently express FoxP3.
We next tested whether the presence of NY-ESO-1 peptides promoting IL-10 secretion in PBMC cultures was restricted to patient #094-004, or represented a frequent event in metastatic melanoma patients. As shown in Table 1 , the PBMCs of 8 of 16 patients (before DC vaccination) produced IL-10 in response to one or more NY-ESO-1 peptides. Notably, the PBMCs of patients #025-002 and #025-003 reacted with five and four distinct peptides, respectively. These represent a minimum of three distinct epitopes for CD4 ϩ T cells in each patient. In contrast, PBMCs from nine healthy individuals did not produce IL-10 (Ͻ 20 pg/ml) in response to any of the NY-ESO-1 peptides (data not shown).
NY-ESO-1 p#23-Specific CD4 ؉ T Cell Lines. To further characterize the NY-ESO-1 p#23-responding CD4 ϩ T cells in Pt#094-004, oligoclonal CD4
ϩ T cell lines were established by sorting CFSEdiluted CD4
ϩ T cells into 96-well plates at 3-10 cells per well. Cells were expanded for 3 weeks with irradiated mouse fibroblasts coexpressing CD32 and ICOS-ligand, in the presence of anti-CD3 mAb and IL-2 ( Fig. 3A) . At the end of the cell culture, higher amounts of IL-10 were detected in the cultures of NY-ESO-1 p#23-responding CD4 ϩ T cells than in those of TT-responding CD4 ϩ T cells (Fig. 3B ). To test their peptide-specificity, CD4
ϩ T cells were pooled from wells containing Ͼ400 pg/ml IL-10 (IL-10 high CD4 ϩ T cells) and stimulated overnight with autologous DCs loaded with NY-ESO-1 p#23 or an irrelevant 15-mer peptide. Pooled CD4 5A) . Strikingly, the IL-10 high CD4 ϩ T cells suppression of T cell proliferation was only marginally blocked by an anti-IL-10R mAb (Fig. 5B) .
A fraction of pooled IL-10 high CD4 ϩ T cells coexpressed high levels of FoxP3 and intracytoplasmic CTLA-4 ( Fig. 5C ). In contrast, pooled IL-10 low CD4 ϩ T cells did not include such cells. Therefore, despite their capacity to produce IL-10, NY-ESO-1-specific T regs require cell-to-cell contact for their suppressive function and, thus, differ from Tr1 cells. Gated to CD4 + cells 
Survivin-, TRP-, and gp100-Specific T regs in Metastatic Melanoma
Patients. The approach used to identify NY-ESO-1-specific CD4 ϩ T regs was applied to search for CD4 ϩ T regs specific for three other melanoma antigens, including survivin, TRP-1, and gp100 in Pt#094-004. Survivin [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] (Fig. 6 Top) and TRP-1 [449] [450] [451] [452] [453] [454] [455] [456] [457] [458] [459] [460] [461] [462] [463] (Fig. 6 Middle) were found to promote IL-10 secretion. CD4 ϩ T cells proliferating in response to these peptides contains cells expressing high levels of FoxP3 (Fig. 6) . Importantly, expanded CFSE-diluted CD4 ϩ T cells secreting high levels of IL-10 were specific for each peptide (data not shown) and displayed suppressive function (Fig.  6 ). Although no gp100 peptides were found to promote IL-10 secretion in the PBMC cultures of Pt#094-004, in the PBMC culture of another melanoma patient, #094-005, gp100 369-383 was identified as an epitope for CD4 ϩ T regs. (Fig. 6 Bottom). However, this was the only gp100-specific CD4 ϩ T reg found in 16 melanoma patients. Note that TRP-1 and Survivin were tested only in patient #094-004.
Thus, patients with metastatic melanoma display IL-10 secreting CD4 ϩ T regs specific for a broad range of tumorassociated antigens.
Discussion
Here, we demonstrate the presence of circulating tumor-antigen specific T regs in patients with metastatic melanoma. Importantly, these T regs were identified, without the need for T cell cloning, by their capacity to secrete IL-10 upon exposure to a specific peptide. These tumor antigen-specific CD4 ϩ T regs contained FoxP3 high cells and were able to suppress T cell proliferation in a cell contact-dependent manner. This study identified CD4 ϩ T regs specific for four tumor-associated antigens, including gp100 and TRP1 (melanoma tissue differentiation antigens), NY-ESO-1 (cancer/testis antigen), and survivin (inhibitor of apoptosis protein (IAP) family antigen).
NY-ESO-1-specific T regs were present in 8 of 16 examined patients with metastatic melanoma. It is intriguing that far more T reg epitopes were found in NY-ESO-1 than gp100 (Table 1) . NY-ESO-1 (one of the cancer/testis antigens) has been discovered by using the SEREX approach (32) . NY-ESO-1 is highly immunogenic and elicits spontaneous antibody and T cell responses in a fraction of cancer patients (33) . Whether this is associated with the presence of NY-ESO-1-specific antibodies remains to be established. Some patients appear to display T regs reacting with a single epitope (e.g., Pt#094-013 and 094-017), whereas others display T regs reacting with at least three epitopes from the same protein (e.g., Pt#025-002, and 025-003), or epitopes from three different proteins (e.g., Pt#094-004). In 7 of 16 patients, we could not find IL-10-secreting CD4 ϩ T regs against NY-ESO-1 or gp100. Additional antigens need to be tested to determine whether these patients do not display any antigen-specific CD4 ϩ T regs.
NY-ESO-1-specific CD4 ϩ T reg epitopes identified in this study can be divided into four groups according to their location: namely, epitopes approximately (i) the 60-85 region, (ii) the 80-105 region, (iii) the 120-145 region, and (iv) the 160-180 region (Fig. 7) . Interestingly, many known CD4 ϩ helper T cell epitope are localized in the three regions including 80-105, NY-ESO-1-or gp100-specific CD4 ϩ T regs were found in 9 of 16 patients with metastatic melanoma. Eight of the nine patients showed NY-ESO-1-specific CD4 ϩ T regs. Survivin and TRP-1-specific CD4 ϩ T regs were searched only in Pt#094-004. HLA restriction elements of each patient for each peptide were predicted by using average relative binding (ARB) matrix binding prediction method, available at the web site of The Immune Epitope Database and Analysis Resource (IEDB). http://tools.immuneepitope.org/tools/matrix/iedbinput?matrixClass ϭ II. S, surgery; chemo, chemotherapy; DC, dendritic cell; P, pulmonary; LN, lymph nodes; SC, subcutaneous; Sk, skeleton; Sp, spleen; H, hepatic; RP, retroperitoneal mass; Pe, pelvic; B, bowel.
120-145, and 160-180 (Fig. 7) . In contrast, no CD4 ϩ helper T cell epitopes have been found in the 60-80 region, whereas CD8 ϩ T cell epitopes have been found there (Fig. 7) . Antigen-specific T regs were found in CD4 ϩ T cell populations proliferating in response to the peptides. Blocking MHC class II prevented peptide-induced proliferation, indicating the dependence on antigen-presentation. The frequency of each peptidespecific IL-10-secreting CD4 ϩ T cell in the blood is low, and Ͻ0.05% of CD4 ϩ T cells secreted IL-10 in PBMC cultures in response to the peptide stimulation together with costimulation (data not shown). Importantly, these tumor antigen-specific CD4 ϩ T regs can be expanded in vitro from the CFSE-diluted cells (34) . It will thus be important to determine whether other types of tumors yield such tumor antigen-specific IL-10-secreting T regs. Whether these T regs only appear at the metastatic stage of melanoma also remains to be established.
In conclusion, this study demonstrated the presence of circulating tumor antigen-specific CD4 ϩ T regs in many metastatic melanoma patients. Selective elimination of such tumor antigenspecific T regs might improve outcomes in tumor immunotherapy. In the context of cancer vaccination, the capacity to control CD4 ϩ T cell immunity by elimination of epitopes yielding CD4 ϩ T reg cells could be beneficial to patients and incorporated in the generation of novel vaccines.
Materials and Methods
Patient Samples. Blood samples were obtained from 16 stage IV melanoma patients who signed informed consent forms from institutional review boardreviewed protocols. Clinical parameters are shown in Table 1 .
Analysis of Peptide-Specific T Cell Repertoires with Overlapping Peptides.
NY-ESO-1, TRP-1, gp100, and survivin overlapping peptides (15-mers, with a 4-aa lag) were generated at Mimotopes (Clayton) or were gifts from R. Steinman (The Rockefeller University, New York). Frozen/thawed PBMCs were labeled with 1 M CFSE (Molecular Probes), and were cultured in complete culture medium [CM: RPMI medium 1640 (GIBCO), 1% L-glutamine (Sigma), 1% penicillin/streptomycin (Sigma), 50 M 2-mercaptoethanol (Sigma), 1% sodium pyruvate (Sigma), 1% nonessential amino acids (Sigma), and 10%
heat-inactivated human AB serum (Gemcell)] with either peptide clusters 
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